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INTRODUCTION
Differential staining of metaphase chromosomes based on the effects of substitution of 5-bromodeoxyuridine (BrdU) for thymidine in DNA has been extensively employed to detect sister chromatid exchanges (SCEs) in many mutagen-carcinogen assays. The in vivo application of this technique opened a new realm for the screening of environmental pollutants because the results obtained in vivo provide a close approximation to reality, and activation and/or inactivation of mutagens and carcinogens can be readily monitored (Schneider et al. 1978) .
The toxicological implications of increased levels of contaminants in estuarine and coastal waters is a matter of considerable environmental concern; therefore, some systems have been assayed to monitor the genotoxicity of marine pollutants. In aquatic organisms, some reports have been published using modifications of the fluorescence-plus-Giemsa (FPG) method (Perry & Wolff 1974) to produce sister-chromatid differentiation (SCD) in chromosomes and, thus, to detect SCEs. Fishes such a s Umbra species (Kligerman & Bloom 1976) (Pesch et al. 1981) and Platynereis dumerilii (Jha et al. 1996) , and the mussels ~Mytilus edulis (Dixon & Clarke 1982 , Harrison & Jones 1982 and M. galloprovincialis (Brunetti et al. 1986 ) were used as model systems to apply this feasible cytogenetic test for determining chemically induced genetic damage.
Many of the undertaken studies of SCE in marine organisms used early life-history stages (Pesch et al. 1981 , Harrison & Jones 1982 , Brunetti et al. 1986 , Dixon & Prosser 1986 , Jones & Harrison 1987 , Jha et al. 1996 because such material presents the advantage of a high yield of dividing cells with a short cell cycle. On the other hand, the small size of developing eggs and larvae and their potential mobility pose serious practical constraints on their usefulness in field monitoring (Dixon & Clarke 1982) .
As pointed out by Dixon & Clarke (1982) and Harrison & Jones (1982) , the ubiquity of mussels, their capacity for bioconcentration and their sedentary adult life make them an excellent choice for SCE studies monitoring genetic pollutants in estuarine and marine environments. In this paper, w e present results of a series of mussel SCE assays that indicate factors other than BrdU concentration have a large influence on the baseline SCE frequency.
MATERIAL AND METHODS
Test animals. The assays were carried out with the mussel species Mytilus galloprovincialis Lmk. (2n = 28 chromosomes). Mussels (1 to 2 cm shell length) were collected from an intertidal population at Balcobo (Galicia, NW Spain). They were maintained for 12 d in the laboratory in 5 1 tanks of aerated, filtered sea water at 20 * 1°C, and they were fed on a suspension of mixed algal cells (Tetraselmis suecica, Isochrysis galbana, and Phaeodactilum tricornutum) before any treatment was started. In addition, mussels sized 1 to 2 cm were collected monthly in 1993 at Balcobo and from another intertidal population at Mera (Galicia, NW Spain) and maintained in sea water obtained from the same places where mussels were taken.
BrdU incorporation. Two experimental protocols were used to investigate the effect of different BrdU treatments on SCE frequency in mussel g111 cells. The first was the most common method for the investigation of SCEs, a continuous treatment with BrdU in sea water to allow gill cell DNA to replicate twice. In the second protocol, cells were labelled with BrdU only for the first round of replication; this was followed by a second cell cycle without BrdU.
The effect of 4 BrdU concentrations was analyzed in dose response experiments. Four groups, each comprising housed 20 and 15 mussels with similar size distributions, were in tanks containing 0.75 1 of, respectively, 4, 10, 40 pg ml-' BrdU in sea water for 60 h [60 h treatments). Four more groups of 15 mussels were first treated with BrdU (4, 10, 20 and 40 1-19 ml-') for 24 h and, after that, maintained for 36 h in clean sea water (24 + 36 h treatments).
To investigate the effect of the duration of the BrdU treatment on SCE frequency in mussel gill cells we again used the 2 experimental protocols already described. Five groups of 15 mussels were housed in tanks containing 0.75 1 of 4 pg ml-' BrdU in sea water for 48, 60, 72, 84 and 96 h (48, 60, 72, 84 and 96 h treatments) . Five more groups of 15 mussels from Balcobo were first treated with BrdU for 12, 12, 24, 24 and 36 h and, after that, maintained for 36, 48, 24, 36 and 24 h, respectively, in clean sea water (12+36, 12+48, 24 +24, 24+36, and 36+24 h treatments). Because of the asynchrony in the gill cell population division, all the time exposures yielded enough complete sister chromatid differentiated (SCD) metaphases for analysis of SCE (Martinez-Exposito et al. 1994) .
To detect possible variations in SCE frequencies throughout the year in natural populations, mussels were collected monthly (January to December 1993) at Balcobo and also from another intertidal population at Mera. The laboratory conditions were maintained as already described, except that unfiltered sea water from the collection localities was used. Every month, 15 mussels from each locality were treated for 60 h with 4 pg ml-' BrdU.
In all experiments the water containing BrdU was changed every 12 h. At 10 h before the end of each experiment, colchicine (0.005 %) was added.
Differential staining procedure. Following the colchicine treatment, the mussels were briefly rinsed and the gills were excised, immersed in diluted sea water for 1 h and fixed in Carnoy's fixative for 1 h. Chromosome spreads were obtained by dissociating gill tissue in 45 % acetic acid and pipetting suspension drops onto slides heated to 43OC. The slides were air-dried and aged for at least 24 h before differential staining.
A m o~i c a t i o n of the FPG method (Perry & Wolff 1974) was used for the Mferential staining of the chromosomes (Martinez-Exp6sito et al. 1994) . In brief, slides aged 1 to 7 d were stained with 0.4 p1 ml-' Hoechst 33258 (Sigma) in 0.5 X SSC (sodium chloride/sodium citrate buffer) for 15 min, rinsed in 0.5 X SSC and mounted in the same solution before being exposed to a 15 W blacklight (Sylvania) for 15 min. After removal of the coverslips, slides were m e r s e d in 0.5 X SSC at 60°C for 15 min, rinsed in distilled water and stained in 10 % Giemsa (Carlo Erba) in phosphate buffer, pH 6.88, for 30 min.
Scoring procedure. SCE frequencies were scored only in well-spread metaphases containing 28 chromo- somes. For the 24 + 3 6 , 3 6 + 2 4 , 6 0 , 72,84 and 96 h BrdU treatments, SCE counts were made in 50 metaphases in each one of the 90 mussels (15 per treatment).
Because of the relatively low yield of complete SCD metaphases, only 20 metaphases per mussel were analysed in the 12+36, 12+48, 24+24 and 48 h exposure treatments. For the dose response and the year-long experiments, 20 metaphases per mussel were also studied. Slides were scored blind and SCE counts were made directly from the slides under a Nikon Optiphot microscope with a lOOx plan apochromatic oil-immersion objective, using a green filter to enhance contrast. Data analysis. The method of analysis involved a variance stabilizing transformation of the SCE data, where each individual count was replaced by l n ( l + S C E ) , followed by 2-way or l-way ANOVA or Student's t-test (Sokal & Rohlf 1981) . Statistical calculatlons were carried out with the SPSS/PC package.
Dose-response experiments
The results presented in Fig. 2 show that BrdU induced a linear SCE dose-response over the range of concentrations tested after both 24 +36 and 60 h treatments. ANOVA of transformed data in Fig. 2 (Table 1) shows significant effects due to both BrdU concentration and incorporation protocol, but no interaction between them was detected. Taking these results into account, 1-factor ANOVA was used to further analyse the effect of BrdU dose in the SCE frequencies obtained after the 24+36 and 60 h BrdU treatments. A significant dose-dependent increase in the baseline level of SCE was detected for the 2 BrdU incorporation protocols performed. In both cases, no significant differences in SCE frequencies were detected for treatments between 4 and 10 1. 19 ml-' BrdU, 20 pg ml-' BrdU being the lowest dose of BrdU to induce a significant response in mean SCE frequency.
2.3%) 20 metaphases per In addition, Fig. 2 shows that at a fixed concentration of BrdU differences due to the BrdU incorporation protocol are also noticeable. Student's t-test applied to the transformed data obtained for each BrdU dose demonstrated that the SCE frequencies obtained after 60 h treatments (2 consecutive cycles of BrdU incorporation) are always significantly higher than those obtained after 24+36 h treatments (only a first replication round incorporating BrdU).
BrdU exposure (h) Fig. 3 . Mytilusgalloprovjncialis. Effect of the length of the BrdU treatment on SCE frequencies in mussels: (a) first replication round of BrdU treatment followed by a second round without BrdU; (b) 2 consecutive replication rounds of BrdU treatment
The results also demonstrate a remarkable interindividual variability in the response of the mussels to equal BrdU dose and exposure conditions. Significant differences in SCE frequencies among mussels were found after every 60 h treatment (4, 10, 20 and 40 pg ml-l) and after all but one of the 24+36 h treatments (10, 20 and 40 pg ml-'). No significant differences were found among mussels treated with 4 pg ml-' BrdU for 24 +36 h. At the same time, a high degree of intraindividual variability was also noted in the SCE counts of cells from each mussel.
Taking into account the previous results, a BrdU concentratlon of 4 pg ml-' was selected for all subsequent studies. This concentration provided good SCD, good mitotic index and a low baseline SCE frequency.
Incorporation time experiments
BrdU incorporation for a first round of replication
The mean values of SCE per metaphase for the 5 BrdU treatments analysed (12+36, 12+48, 24 +24, 24+36 and 36+24 h) are shown in Fig. 3a . ANOVA of these data did not show significant differences in SCE frequencies among treatments, or among mussels within treatments for 12+36, 12+48 and 24+24 h treatments. In contrast, significant differences among mussels within treatments were detected after 24 +36 and 36+24 h exposures.
BrdU incorporation for 2 consecutive rounds of replication Fig. 3b shows that, for mussels, the length of the continuous BrdU treatment is an important factor in determining the yields of SCE frequencies. One-factor ANOVA of data in Fig. 3b shows significant differences due to the length of the BrdU exposure, but there were no significant differences in the frequencies of SCE after the 48 and 60 h BrdU treatments. Significant differences in SCE frequencies among mussels were detected after the 60, 72, 84 and 96 h BrdU treatments but not after the 48 h exposure.
Monthly analysis of SCE frequencies Fig. 4 shows monthly mean values of SCE per cell in 2 natural populations throughout 1993 after 60 h BrdU exposure. A remarkable degree of variation is clearly seen both between sites and among months. Mussels from Balcobo showed a maximum SCE frequency in June (2.85 + 0.30 SCE cell-') and minima both in Janu- Monthly variation of mean SCE frequencies in mussels collected a t 2 different sites (Balcobo and Mera. Galicia, NW Spain) throughout 1993 and exposed to 4 pg ml-' BrdU for 60 h (Table 2) shows significant differences in SCE frequencies among months and between collection sites. A significant interaction between months and collection sites was also detected. Again, significant differences among mussels were detected for some months for both the Balcobo (February to August, December) and Mera (January, February, May to September) populations.
DISCUSSION
Because different tissues proliferate at different rates, one must have sufficient knowledge concerning the rate of cell division for a specific tissue before performing SCE assays. In a previous work (MartinezExposito et al. 1994) , w e experimentally established that 24 to 30 h is the length of the cell cycle in gill cells of Mytilus galloprov~ncialis, and that a 48 h BrdU exposure is long enough for some cells (2.34 %) to show full SCD. In these SCD metaphases each chromosome presents a bifilarly substituted chromatid showing pale Giemsa staining and a n unifilarly substituted one that is stained darker. In the same work, we also demonstrated that the asynchronous proliferation of mussel gill cells permits SCD metaphases to be obtained using longer BrdU treatments (60 to 96 h). On the other hand, the knowing the cell cycle length permits full SCD metaphases to be obtained using a different experimental approach. One replication round in the presence of BrdU, followed by a second replication round in its absence results in chromosomes presenting one sister chromatid unsubstituted (dark) and the other unifilarly substituted (pale). The use of this incorporation protocol allowed us to obtain SCD metaphases after 12 to 36 h BrdU exposures.
O n e of the toughest dilemmas facing biologists is estimating the actual incidence of SCE occurring in nature because the chemicals used for detection are known inducers of SCE. In aquatic species, SCE has been studied with the intention of developing assays to monitor the aquatic environment for mutagens. Several investigators have calculated BrdU-dependent dose response curves in order to determine baseline levels of SCE in some test systems (Kligerman & Bloom 1976 , Harrison & Jones 1982 , Dixon & Prosser 1986 ). In the study of mussels, most previous SCE studies have focused upon early developmental stages to ensure a n adequate number of dividing cells for analysis. In those works, dose responses to BrdU were analysed. Mytilus edulis 12 h old larvae exposed to I O -~ to 10-4 M BrdU for 12 h exhibited a linear SCE dose response (Harrison & Jones 1982). Significant increases in SCE frequency d u e to the BrdU concentration were also demonstrated by Dixon & Prosser (1986) using a similar experimental protocol. Higher BrdU concentrations (10-3 and 2 X 10-3 M) were used by Brunetti et al. (1986) for SCE analyses in developing eggs of M. galloprovincialis, but the differences in the SCE frequencies obtained were not significant. To our knowledge, only Dixon & Clarke (1982) and Dixon et al. (1985) have analysed SCE in adults of a species of mussel. They exposed adult M. edulis to 5 X 10-S M BrdU for 96 and 120 h, respectively, to obtain a significant proportion of gill cells w~t h SCD.
Our results are in accordance with those in the literature in the sense that SCE frequency varies in a dosedependent manner both after 24+36 and 60 h BrdU treatments (Fig. 2, Table 1 ). At the same time, BrdU concentrations of 4 and 10 yg ml-' (equivalent to 1.3 X 10-5 and 3.25 X I O -~ M BrdU respectively) did not induce significant differences in SCE frequencies in mussel gill cells. These BrdU doses are similar to those employed in previous studies using adult ( galloprovincialis (10-3 and 2 X 10-3 M BrdU; Brunetti et al. 1986 ). In addition, Fig. 2 shows that at a fixed concentration of BrdU significantly higher SCE frequencies were found when the exposure protocol allowed BrdU incorporation for 2 consecutive replication rounds. This is also in accordance with previous data coming from other matenal (Natarajan et al. 1981 , Cortes & Andersson 1987 , and the increase in SCE frequency was interpreted as a result of the replication (incorporating BrdU) on a BrdU-containing template during the second round of synthesis.
In aquatic organisms, the possible influence of the length of the BrdU treatment on SCE frequency has not been studied. Moreover, a n examination of the treatments used in vivo for differential chromatid staining reveals extreme variation, even for the same species (Kligerman 1979 , Alink et al. 1980 , Dixon & Clarke 1982 , Van der Hoeven et al. 1982 , Dixon et al. 1985 , Van der Kerkhoff & Van der Gaag 1985 . The 2 experimental approaches used In this work in order to examine the influence of the duration of the BrdU exposure on SCE frequency gave different results. Treatments performed in order to obtain metaphase cells that incorporate BrdU only for a first round of replication (Flg. 3a) did not show significant differences in SCE frequencies. On the contrary, we found a length-dependent increase in the frequency of SCE when BrdU incorporation took place for 2 consecutive rounds of replication (Fig. 3b) . No differences were found between 48 and 60 h treatments. Because the BrdU incorporation method used involves the renewing of the BrdU solution every 12 h, at least part of the increase in the SCE frequency could be attributed to the effect of a higher amount of BrdU available to the mussel gill cells. This explanation could not be applied to the first cycle incorporation approach even though the total amount of BrdU available is 3 times higher for the 36+24 h exposure than for those of 12+36 and 12+48 h. At the same time, mean SCE frequency obtained for Mytilus galloprovincialis after the 96 h treatment (3.94 0.19 SCE cell-') is roughly similar to that reported by Dixon & Prosser (1986) in M. edulis after a continuous 96 h BrdU treatment (4.1 SCE cell-'), in spite of the differences affecting the concentration and renewal of the BrdU solution and the species of Mytilus employed.
On the other hand, SCE frequencies detected monthly in mussels collected at 2 different sites throughout 1993 show a quite high degree of variation both within and between populations. Results did not show any clear pattern of seasonal variability that could be related to the water temperature as was the case for another genotoxicity assay, the micronucleous test, in Mytilus galloprovincialis coming from 2 Mediterranean areas (Migliore et al. 1989 , Brunetti et al. 1992 ). Although differences due to the water temperature could be masked by the maintenance of the mussels in the laboratory for 12 d at 20°C, this is probably not the case. The 2 collection sites showed similar water temperatures, from a minimum of 12 to 13°C in full winter to a maximum of 18 to lg°C In full summer, but differences in SCE frequencies were found in mussel collected in months in which the temperature of the water was almost the same. These results seem to indicate that other factors have a larger influence on baseline SCE levels in juvenile M. galloprovincialis.
The SCE frequencies obtained in this work also demonstrate a remarkable variability among individuals exposed to the same BrdU concentration for the same length of time, some individuals presenting 2 to 2.5 times more SCE than others. For example, in a total of 26 groups of 15 mussels exposed to 4 pg ml-' BrdU for 60 h, significant differences among mussels were found in 17 groups and no significant differences were found for the other 9. These results are somewhat in accordance with the high variability in the frequency of SCE found by Jones & Harrison (1987) among groups of hfytilus edulis larvae with different parents. Although the variations found in juvenile M. galloprovincialls were rather lower than those in M edulis larvae, the results obtained in this work reinforce the fact that factors affecting baseline SCE frequency in mussels have to be studied before using this assay as a routine test to monitor marine contamination.
It should be also noted that the average SCE frequencies per cell obtained after 4 and 10 pg ml-' BrdU exposures for 60 h in adult mussel are roughly similar to some previously published results. In contrast, mean SCE frequencies for the 2 4 t 3 6 h experiments are lower than most of those reported for o t h e r aquatic organisms a n d for developing e g g s of M. galloprovincialis (Brunetti e t al. 1986 ), a n d only s o m e of t h e studies using M. edulis larvae ( Because S C E frequencies in juvenile mussels increase with longer BrdU treatments, caution h a s to b e taken in e x t e n d i n g t h e BrdU exposure time in order to obtain higher yields of SCD metaphases. A continuous BrdU incorporation time of 60 h or incorporation of BrdU for the first replication round followed by a second cell cycle without BrdU (24+36 h ) would s e e m to b e most appropriate for t h e SCE tests carried out in gill cells of Mytilus galloprovincialis. While, as pointed out b y Dixon & Clarke (1982) , SCE analysis remains a valuable tool for investigating t h e susceptibility of marine organisms to genetic d a m a g e b y specific o r mixed environmental contaminants, t h e temporal a n d spatial variation in S C E frequencies obtained in this work poses new difficulties to b e overcome before t h e SCE m e t h o d c a n b e translated directly to t h e field.
